The purpose of this article is to examine whether the change in single scattering albedo in the surface layer of the sea will cause significant changes in the polarization of light emerging from the sea. The results of a polarization resolving Monte Carlo radiative transfer calculations are presented. Bubble clouds of different bubble concentrations are used to achieve a wide range of single scattering albedo variability. The variability of the polarization signal is largest in the direction looking towards the sun which is unfortunate due to sun reflection. However the variability is also significant at direction perpendicular to solar azimuth angle which should it make possible to use this signal in remote sensing. The polarization degree of water leaving radiation, together with reflectance can be used to determine the backscattering ratio of the observed sea water.
INTRODUCTION
Both the polarization of the upward radiance that leaves the sea surface, as well as polarization of the radiance reflected from the surface are the important sources of information on the presence and concentration of so called water constituents and the sea surface slopes. This information, is especially important for the study of phenomena associated with the seaatmosphere boundary (breaking waves, bubble clouds, etc.) and till now has not been practically used. In the literature we were able to find the only one Monte Carlo algorithm to solve the radiation transfer equation in the sea, which contains the polarization. Unfortunately only two theoretical works using this program were created by its author [1, 2] . And another only one work [3] , comparing the results of the Monte Carlo code containing the polarization and the measured data was published so far. It seemed expedient to create the second independent program of its kind in the world, specifically targeted to study phenomena related to surface of the sea. Different approach to model the water constituents impact on the polarization of water leaving radiance was shown by [4] and later by [5] . They developed the radiative transfer code (called OSOA) to approximate the radiance and the degree of polarization in the ocean-atmosphere environment. Their study about phytoplankton and mineral suspensions shown that water leaving degree of polarization depend strongly on concentration of these water constituents and the zenith angle of water leaving radiance.
METHODS
A new version of Monte Carlo code, previously used for almost 20 years to solve problems of ocean optics [6, 7] and improve measurement error correction schemes [8] - [10] , was developed which includes the polarization taking into account both light scattering Mueller matrices of seawater and polarization effects associated with the waved sea surface. The program allows to track changes of the full Stokes vector for each virtual "photon" for any of the Mueller scattering matrix. For a radiation transmission through the sea surface radiation and for a reflection the Mueller matrices corresponding to the Fresnel formulas were used [11] . The angles used in the Mueller matrices associated to rotation of the coordinate system needed to adapt the Stokes vectors were enumerated using the formula of sines for spherical triangles following [12] .
As a first step the all of non-trivial elements of the Mueller matrix for the bubble size distributions (measured acoustically at the Scripps Institution of Oceanography, see [13, 14] ) were calculated. We have used a normalized form of the Mueller matrix (relative to the element S 11 ), which therefore by definition equal to unity (S 11 = 1). The Mie theory shows that the only other non-zero matrix elements are S 22 = 1 (since S 22 = S 11 ), S 12 = S 21 , S 33 = S 44 and S 34 = −S 43 (actually only 3 of these 4 are independent, but the calculations do not use this fact).
Non-trivial elements of the scattering matrix S 12 , S 33 and S 43 , calculated with the Mie theory, are shown in the Figure 1 , as a function of scattering angle for size distribution of bubbles "bub43" (the average distribution for the amount of air in water specified by void fraction between 10 −4 and 10 −3 ).
The calculations showed that the Mueller matrices have practically the same functional form for all considered size distri- butions and for different void fractions, that is why for further calculations only the "bub43" size distribution was used.
For the pure water the well-known Mueller matrix of Rayleigh scattering can be used. However Mueller matrices of suspended particulate matter are not known as an analytic formulas.
Practically the only available data on them are experimental results presented by [15] measured in the waters of the Atlantic and Pacific and not widely published data collected by the author [16] , (unfortunately only the elements S 12 , S 21 and S 22 measured in coastal waters in Miami, Florida). Measured functions differ from those obtained from Mie theory, the value of measured element S 22 (depolarization) is lower than 1 and values of the S 34 and S 43 elements are practically zero. Since the measurements of Voss and Fry are more representative, we have used their tabulated values to create a rough analytical form, which was necessary for the further modeling (see Figure 2 ).
We have found an approximated analytical elements of the Mueller matrix (for the scattering angles θ in degrees) measurements of both Voss and Fry results and recent by one of us for coastal waters [16] . The parameterization has only one free parameter A (A = 0.11 in the case of Voss and Fry results), unlike a previously published 4-parameter one [17] . The new parameterization has the following analytical form:
RESULTS AND DISCUSSION
The above mentioned parametrized form of Mueller matrix elements was used as an input data to the Monte Carlo program, that has been adapted for the calculations of polarization in the Stokes vector format. The modeling was carried out to check whether the change in concentration of bubbles in the surface layer of the sea will result in significant changes in the polarization of light emerging from the sea, that could allow remote sensing of clouds of bubbles by polarization.
In the first tests layers of bubbles of various densities were used (here the parameter is the scattering coefficient b bub = 0, 1, 2, 4 and 8 m −1 associated with the corresponding phase functions and Mueller matrices calculated from the Mie theory). The others parameters were invariable, namely the absorption coefficient a = 0.4 m −1 , the scattering coefficient of clean seawater b w = 0.2 m −1 and the particle scattering coefficient b p = 0.8 m −1 for which the Petzold phase function [18] and the Mueller matrix of [15] were used. Thus the single scattering albedo, defined as:
varies from 0.71 to 0.96. Ocean was illuminated by the sun of zenith angle 30 degrees with black sky (which for simplicity of modeled phenomenon is a typical approach in an optics model) and a flat sea surface (for the same reasons).
The Degree of Polarization (DOP) is by definition, equal to:
where [I, Q, U, V] is the Stokes vector.
In the Figures 3 and 4 the DOP of water leaving radiation was shown for the two vertical planes which are perpendicular to each other. The effects of reflection were not present because of the assumed black sky and flat sea surface. In the Figure 3 the observation plane is parallel to the incident rays (the sun is on the left) and in the Figure 4 the observation plane is perpendicular to the rays of the sun (sun is behind or in front of the observation plane).
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Zenith The results show that a highly scattering bubble cloud layer causes a significant depolarization of water leaving radiation. The Figure 3 shows that the smallest value of polarization (and the least variation with the concentration of bubbles) occurs for single scattering into backward direction, (the direction of the sun). While at the opposite side the polarization values depends strongly on the scattering coefficient associated with the bubbles. However, this is the angle zone of the sun reflection from the surface (sun blinks), that is why it is important that this variation occurs also at the observation plane perpendicular to the sun (Figure 4) , especially around zenith angles 50 to 60 degrees. This should make it possible to develop a remote sensing algorithm based on observa- tions done at a non-zero zenith angle and azimuth angle about 90 deg from the sun.
A similar pattern of variation of degree of linear polarization for two perpendicular planes was presented by [19] . Although their results have been obtained by another method, and show variation of the linear (not total) polarization degree just below sea surface, the results confirm the dependence of the polarization of light on the propagation direction (relative to the sun) and the inherent optical properties of the sea.
Because the depolarization of water leaving radiance seems strongly dependent on scattering, we put forward a hypothesis that the controlling factor is single scattering albedo
In real ocean all remotely sensed properties are depth averaged with the surface waters best represented in the water leaving signal [20] . For simplicity we will concentrate on the ideal case of an optically homogeneous ocean of infinite depth. In such a case, absolute values of absorption and scattering are not important as rescaling them both (which is equivalent to rescaling the length unit) changes nothing in an infinitely deep water body. All that is needed to calculate the volume of water leaving radiance in such a case is the ratio of scattering to absorption and the scattering phase function. However because depolarization is caused by scattering, one can expect that it is related to the average number of scattering events per photon. This parameter is directly dependent on by single scattering albedo (known also for a reason photon survival probability).
To test of the hypothesis on ω 0 being the controlling parameter for water leaving polarization, we checked its dependence on the other parameter it can depend on in the case of homogeneous infinite ocean, namely the phase function. Figure 5 shows the results for the plane perpendicular to solar azimuth angle. We used average Petzold phase function [18] , FournierForand phase function [21] most similar to the Petzold one 13055-3 using parametrization of [22] and several Henyey-Greenstein phase functions [23] of different asymmetry parameter g.
The results show that although water leaving polarization depends on phase function the dependence is much weaker than for single scattering albedo. The range of Henyey-Greenstein functions chosen with asymmetry parameter g from 0.75 to 0.9 is much wider than one for natural waters. Interestingly, using phase functions of similar backscattering ratios (b b /b), namely Petzold, Fournier-Forand and Henyey-Greenstein for g = 0.78 and g = 0.8 results in almost identical values of water leaving polarization. This is important because the limited available observational data seem to suggest that at least locally, backscattering ratios seem to have little variability [24, 25] . In fact the water leaving polarization values for different phase functions of identical backscattering ratios seem to be even more similar than reflectance values also modeled for different phase functions of identical b b /b, considered by [26] .
However, even if the dependence of water leaving radiance on both single scattering albedo (equal to b/(a + b)) and backscattering ratio (equal to b b /b) needed to be taken into account, using the additional information from the volume of water leaving radiance (or more exactly reflectance which is proportional to b b /a) should make it possible to inverse the problem. This is because we have two independent observables (reflectance and polarization) and only two independent parameters to calculate because it is easy to show that:
This is why we believe that the degree of polarization of water leaving radiation should be used to augment reflectance in remote sensing of natural waters.
CONCLUSION AND FINAL REMARKS
We have shown using Monte Carlo radiative transfer modeling that water leaving radiation carries information about single scattering albedo of sea water. The modeling results suggest that the optimal way to record the polarization variability is from a tilted direction approximately 90 deg from solar azimuth angle. The polarization signal is also dependent on the backscattering ration of the average scattering phase function though weaker than on single scattering albedo. In any case, even if the phase function dependence cannot be neglected, it should still be possible to retrieve ω 0 , b b /b and b b /a values from polarization and reflectance data only thanks to the algebraic relations between the three variables. The method should be especially good at detecting ω 0 caused by the presence of bubble clouds but should be sensitive also to its variability caused by other sea water constituents. It seems possible to develop such a remote measurement method, at least from ships and aircraft, but also possibly satellite (although not in the usually preferred vertical direction). Perhaps it would be optimal to use the relationship of the polarization reflectance signal measured for different zenith angles. Further Monte Carlo tests are needed involving other zenith angles of the sun and multiple sets of sea water inherent optical properties, especially ones with realistic sky light and therefore additional polarization of the surface reflected irradiance. Repeating some of the tests using another, independently developed, polarization aware Monte Carlo code would be helpful validation of our results. However, the most important step to such procedure should be developing and implementing instruments for routine measurements of water leaving polarization.
